Free radicals and lunar dust health hazard
Introduction
The absence of a protective atmosphere exposes the Moon surface to the effects of cosmic and UV rays, and to frequent collisions with micrometeorites. As a result of such peculiar environmental conditions, the lunar surface is covered by a thin layer of fine dust. During the Apollo missions, several problems caused by lunar dust have been documented, mainly arising from abrasive and irritant behavior of the dust. Besides the detrimental effects on equipment and instruments, the astronauts reported transient eye, throat, and skin irritation after brief exposure to lunar dust (Khan-Mayberry, 2008) . Because of the brevity of exposure, long-term health effects could not be observed, but prolonged inhalation of lunar dust may possibly yield similar outcomes on astronauts to those observed on workers exposed to pathogenic dusts such as crystalline silica or asbestos.
Recently, several space agencies showed a renewed interest in robotic and manned missions to the Moon (Carpenter et al., 2010; Crawford et al., 2012, and references therein) and pointed out that more reliable information is required on the nature and intensity of the damage caused by lunar dust to astronauts and equipment. On Earth, the toxicity of a given kind of particle is assessed by cell free, cellular and animal tests whose results are confirmed by epidemiological evidence. Obviously this cannot be done on lunar dust. The assessment of the hazard posed by lunar dust must rely on both earthly studies performed on lunar dust analogs, and a few conceptually simple tests that might be performed in situ during unmanned missions. Such an approach would allow the consequent risk analysis and management during future missions to be performed on a reliable experimental base.
The consequences of exposure to lunar dust were consistently underestimated in the Apollo missions that landed on the lunar surface (Gaier, 2005) . The most alarming was mucous irritation and lung inflammation following inhalation of lunar dust. A review of medical operations during Apollo missions reported on mucous membrane irritation that afflicted many crew members (Scheuring et al., 2008) . In one case, respiratory symptoms progressively worsened with marked eosinophilia.
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The potential toxicity of lunar dust has been investigated in vitro and in vivo by using a sample of real lunar dust from an Apollo mission and several lunar dust simulants made of terrestrial rocks (Latch et al., 2008; Jordan et al., 2009; Cain, 2010; Loftus et al., 2010; Krisanova et al., 2013; Lam et al., 2013) . The mineral composition of lunar dust, which is mainly formed by vitreous and agglutinated particles, does not explain per se the detrimental effects observed on Apollo's crew. In fact, very little is known about the molecular mechanisms of action of lunar dust within the human body, potential toxicity of which is likely triggered by micrometeorite impacts, solar wind, and UV irradiation. These agents may enhance the surface reactivity of the particles by promoting formation of transient reactive sites (Wallace et al., 2009) as is the case on Earth with freshly ground quartz (Vallyathan et al., 1995; Fubini and Hubbard, 2003; Schwarze et al., 2006) . Furthermore, the absence of atmospheric oxygen and water at the surface of the Moon prevents the annealing of such reactive sites and thus preserves the reactivity of lunar dust at the Moon's surface (Carpenter et al., 2010) . As both Apollo samples and the lunar dust simulants studied so far have been exposed to the oxidative atmosphere of Earth, the reactivity of lunar dust at the Moon's surface is expected to be higher than that measured by tests on Earth.
The nature of reactive sites and their possible involvement in toxic responses has been previously discussed on the basis of the compositional and mineralogical analogies of lunar dust with other well-characterized toxic minerals (Wallace et al., 2009) or volcanic ashes (Linnarsson et al., 2012) .
In these studies, the reactivity of lunar dust was mainly explained by the presence of dangling bonds and/or redox-reactive iron centers (Fubini et al., 1995b; Horwell et al., 2010) . When lunar dust comes in contact with cells and tissues, these active sites may react with biomolecules, and ROS (Reactive Oxygen Species) may be generated both within cells and on the particle surface. ROSnamely, hydroxyl, hydroperoxyl, and superoxide-release is currently considered the cause of oxidative damages induced by some thoroughly investigated toxic inorganic particles and fibers, including quartz (Fubini, 1998) , asbestos (Fubini et al., 1995a; Kamp and Weitzman, 1999; Turci et al., 2011) , sintered indium-tin oxide (Lison et al., 2009) , and hard metals (Lison et al., 1995) . To 6 better protect the astronauts' health and to develop a more efficient cleaning procedure for extra vehicular activity (EVA), new and more informative tests about the surface reactivity of lunar micro-and nano-particulate are highly desirable. The hydroxylation of the non-fluorescent terephthalate (TA) probe into its fluorescent derivative (2-hydroxyterephthalate, TA-OH) was proposed as a feasible method to quantify in situ the radical-mediated oxidative potential of lunar dust during manned or unmanned missions (Wallace et al., 2009; Loftus et al., 2010) . However, the chemical nature of the reactive species that activates the terephthalate assay and the mechanism of the terephthalate oxidation by lunar dust is not yet clear. To understand what the TA assay actually measures, the present study reports a detailed description of the reaction mechanisms induced by lunar dust analog on several assays and proposes some informative tests to be adopted to measure the reactivity of dust in situ.
Due to the low availability of real lunar dust, the very fine fraction (grain size < 20 μm) of the lunar dust simulant JSC-1A from NASA Johnson Space Center has been used here, which is a basaltic ash with high glass content that is chemically close to the soil of the lunar maria (Ray et al., 2010) .
Measurements concerned two complementary approaches: i) the quantitative assessment of the hydroxylation of terephthalate (TA), and ii) the qualitative/quantitative measurement of surfaceinduced free radicals by the EPR/spin trapping technique. To evaluate the role of molecular oxygen in the hydroxylation of TA, the assay was also run in an inert atmosphere. The outcomes of the TA assay were compared with spin-trapping results on free radicals generated by other means on aqueous suspension of JSC-1A-vf with specific biological targets and in the presence of molecular oxygen (hydrogen peroxide, formate ion, and a fatty acid). According to a previously established procedure (Turci et al., 2011; Turci et al., 2013; Le Blond et al., 2014) , a reducing agent (ascorbic acid) was added in physiological concentration (Cross et al., 1994) and used to mimic the reduction of metal ions likely to occur in vivo when inhaled particles get in contact with the lung-lining fluid.
Commento [FT1]: I think "are" is correct, since the subjects are the chemical nature of the reactive species AND the mechanism of.
Materials and methods

Lunar Dust simulant
The lunar dust simulant JSC-1A-vf employed for this study was kindly provided by the NASA Johnson Space Center, Houston, Texas (USA) and consists of the very fine fraction (< 20 μm) of JSC 1A, a lunar simulant extracted from the Merriam Crater near Flagstaff, Arizona (AZ, US). The mineralogical and chemical composition of JSC-1A-vf is similar to that of the well-characterized JSC 1A (Hill et al., 2007; Ray et al., 2010) ; it is made of a basaltic tuff ash with a relatively high glassy content (ca. 50 wt. %) (Liu et al., 2008) and is chemically similar to the lunar soil of the maria. (Wallace et al., 2009) The chemical composition of JSC-1A-vf is very close to that of the actual lunar soil collected by Apollo 17. Particularly, the total amount of iron in both dusts is nearly the same. However, the actual lunar dust contains Fe 2+ and metallic iron (np-Fe 0 ) distributed as nano-sized domains in the glassy matrix, while no iron (III) is present. JSC-1A-vf contains Fe 2+ (ca.
76% of the total iron amount) and Fe 3+ (ca. 24% of the total iron), but not np-Fe 0 (Wallace et al., 2009 ). Since iron is involved in many redox reactions, this discrepancy between simulant and actual lunar sample may possibly alter some reactivity results.
Reagents
5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was purchased from Alexis (Lausen, Switzerland); Disodium terephthalate (99 % purity) was purchased from Alfa Aesar (Ward Hill, MA). The other reagents employed were from Sigma-Aldrich (St. Louis, MO -USA). In all experiments ultrapure MilliQ (Millipore, Billerica, MA -USA) water was used. Some experiments were carried out in an oxygen-free environment, performing all of the procedure described above in a N 2 -fluxed glove bag (positive pressure of ca. 1 bar, gas purity > 99.9995%).
Fluorimetric determination of hydroxyl radicals by sodium terephthalate assay
For this experiment, the PBS solution employed to prepare the TA solution and the JSC-1A-vf dust were previously deoxygenated by vigorous bubbling N 2 for 2 h within the glove-bag.
EPR/spin trapping
The generation of free radicals was monitored by electron paramagnetic resonance (EPR) spectroscopy with a Miniscope MS 100 (Magnettech, Berlin, Germany) EPR spectrometer employing DMPO as spin trapping agent. The instrument settings were as follows: microwave power 10 mW; modulation 1000 mG; scan range 120 G; center of field approximately 3345 G. In all cases, the suspensions obtained (see below) were under continuous stirring during the experiments, and aliquots of 50 μl were withdrawn after 10, 30, and 60 minutes of incubation, and the EPR spectra were recorded on the suspensions. Blanks were performed in parallel in the absence of dust.
Generation of oxygen centered radicals
JSC-1A-vf was suspended (15 mg/ml) in a DMPO (30 mM) buffered solution (potassium phosphate buffer, KPB, 0.1 M pH 7.4. The experiments were performed in triplicate. As a positive control for ROS generation, a TiO 2 (Aeroxide®, Evonik Industries, Essen, Germany) suspension was irradiated 9 with a simulated solar light under the same experimental conditions (Corazzari et al., 2012) . The irradiation of TiO 2 suspension was performed with a 500 W mercury/xenon lamp (Oriel instruments) equipped with an IR water filter. Simulated solar light was obtained by applying a 400nm cut-off filter. This filter let to pass about 5% of UV light in the UV A region.
Surface-driven Fenton reactivity (target molecule H 2 O 2 )
JSC-1A-vf was suspended in a H 2 O 2 (0.04 M) buffered solution (potassium phosphate buffer, KPB 125 mM, pH 7.4) at two different doses (15 mg/ml and 45 mg/ml) in the presence of DMPO (0.075 M) as spin-trapping agent. The experiments were performed in triplicate.
Generation of carbon centered radicals (target molecule formate ion)
JSC-1A-vf was suspended in a sodium formate (1 M) buffered solution (KPB, 250 mM, pH 7.4) at two different doses (15 mg/ml and 45 mg/ml) in the presence of DMPO (0.075 M) as spin-trapping agent. The experiment was carried out in the same conditions adding ascorbic acid (3 mM) to the reactive mixture. The experiments were repeated at least twice. To assess the reactivity of solubilized ions, the generation of carbon centered radicals was also tested on the supernatant: 70 mg of dust was suspended in 1 ml of ascorbic acid (3 mM) buffered solution (potassium phosphate buffer, KPB 500 mM, pH 7.4) and incubated at 25 °C for 1 h under continuous stirring. The suspension was centrifuged (13 000 RPM) for 30 minutes, and the supernatant, which was collected with a syringe, was filtered (cellulose acetate filters, cut off 0.20 μm) to remove any residual dust particles. A quantity of 0.5 ml of this solution was mixed with 0.5 ml of DMPO (0.15 M) and formate (0.4 M) solution. The mixture was continuously stirred. After 1, 10, and 30 minutes of incubation at 25 °C, 50 μl of the mixture was withdrawn and the EPR spectra recorded. The number of radicals released is proportional to the intensity of the EPR signal. The signals were double integrated, and the values obtained expressed as arbitrary units. Blanks were performed in parallel in the absence of dust. All the experiments were carried out in triplicate.
Oxidative degradation of linoleic acid (TBA assay)
The TBA assay, commonly used as an index of lipoperoxidation, is based on the reaction between malondialdehyde (MDA), a colorless product of lipid peroxidation, and tiobarbituric acid (TBA) to produce a pink adduct absorbing at 535 nm. All the reagents were from Sigma-Aldrich ( was added to 1 ml of the supernatants, and the resulting solutions were stirred for 30 minutes. After cooling in an ice bath, 3 ml of 1-butanol was added to extract the colored complexes. The absorbance at 535 nm was measured on the organic phase by means of UV/Vis spectrophotometry (Uvikon, Kontron Instruments, Inc., Everett, MA). The same experiment was carried out adding ascorbic acid (3 mM) to the reactive mixtures. All experiments were performed in triplicate.
Results
The role of molecular O 2 in TA assay
The commonly reported mechanism of TA hydroxylation involves oxygen-mediated addition of a hydroxyl radical yielding TA-OH. Some authors, however, support mechanisms that do not involve molecular oxygen and ROS (Youngman and Elstner, 1981; Saran et al., 2000) . Results of the two parallel experiments (with and without molecular oxygen) are reported in Figure 1 . JSC-1A-vf was able to hydroxylate TA in both cases, and almost identical results were obtained. The absence of any role of molecular oxygen posed the puzzling question: what is the oxidizing agent in the TA assay? The use of the spin trapping technique and EPR spectroscopy allowed further clarification of JSC-1A-vf reactivity. DMPO was added to an aqueous suspension of JSC-1A-vf as a spin-trapping reagent. Under this condition, no EPR signal was observed ( Figure 2 ). To support the selectivity and sensitivity of the adopted approach to •OH radical, a well-known reaction to generate •OH in solution was used as previously described (Corazzari et al., 2012) . A buffered suspension of TiO 2 , dosed at the same concentration as JSC-1A-vf, was irradiated with a solar lamp light (λ > 400 nm; UV ca. 5%) and used as positive control. The lack of ROS in the reaction mechanism of JSC-1A-vf towards TA was further confirmed by following the reaction yield at different pH values (Figure S1, in Supporting Information). The maximum yield was observed for pH between 6 and 7, while it was almost negligible outside this narrow range. This pH-dependent behavior supports the hypothesis of a reaction driven by iron-phosphate complexes, which are thermodynamically stable in a defined range of pH values.
Radical reactivity of JSC-1A-vf toward biologically-relevant molecules
In the first test (Fenton-like reaction), H 2 O 2 was allowed to interact with redox-reactive transition metal ions at the particle surface (generally, iron) and the generation of •OH radicals followed (Eqn. 1).
The release of •OH radicals in the presence of H 2 O 2 mimics the reaction that might take place when a particle is exposed to the oxidative environment of lysosomal fluid following phagocytosis by macrophages and polymorphonucleated cells (PMN) (Gazzano et al., 2007) . In the presence of a reactive dust, a direct surface-assisted homolytic cleavage possibly occurs on redox-reactive transition metal (e.g. iron, copper) exposed at the particle surface. Alternatively, or even complementarily, molecular oxygen can be reduced to superoxide anion by Fe 2+ , initiating a ROS-mediated mechanism sustained by Haber-Weiss cycle (Turci et al., 2011) . The carboxyl radical is stabilized by resonance, and it is the only radical species that can practically be detected via the spin-trapping technique under such experimental conditions Figure 4A ). The same experiments were carried out in the absence of the dust (blank solution), and no EPR signal was detected at each time point (see Figure S2 ). The signals were double integrated and the intensity reported as the mean values (± SE) of two separated experiments. A clear time-and dosedependent increase in the intensity of the EPR signal was observed ( Figure 4B ).
The potential of JSC-1A-vf to induce radical oxidative degradation of biomolecules was also assessed by evaluating its potency to induce cell-free lipid peroxidation. Linoleic acid was used as a model for polyunsaturated fatty acid that naturally composes the cell membrane. Thiobarbituric acid (TBA) assay was used to quantify the linoleic peroxidation reaction. JSC-1A-vf was suspended at low and high dose (15 and 35 mg/ml) to evaluate the dose-dependency of the reaction. The oxidative degradation of linoleic acid upon contact with JSC-1A-vf is reported in Figure 5 . The amount of MDA produced evolves in a dose-dependent manner, with the higher dose being able to degrade a larger amount of linoleic acid. In our experimental conditions, MDA production was monitored by UV-Vis spectrophotometry. However, similarly to the TA assay, MDA production in the lipoperoxidation assay can also be detected by fluorescence spectroscopy (Gutteridge and Halliwell, 1990) .
Effect of ascorbic acid on JSC-1A-vf reactivity
Inhaled particles primarily interact with the lung lining layer fluid, which includes surfactants, proteins, and important components of the antioxidant defenses of cells such as ascorbic acid and glutathione (Cantin et al., 1989; Bui et al., 1992) . Ascorbic acid (AA) is one of several metabolites that can act as a reducing agent in vivo. It was previously observed that ascorbic acid, once in contact with asbestos and other toxic particulates, reduces surface Fe 3+ to Fe 2+ , which allows radical generation to take place (Martra et al., 2003; Turci et al., 2011) . The effect of AA on JSC-1A-vf reactivity markers, including TA hydroxylation, C-H bond cleavage, and linoleic acid peroxidation, was investigated. reported (blank). The results show that the hydroxylation of TA by JSC-1A-vf + AA was two-fold higher than in the absence of AA, confirming that surface-exposed Fe 2+ is involved in the reactivity of JSC-1A-vf toward TA and its oxidation state may modulate the reaction yield.
Effect of ascorbic acid on the cleavage of C-H bond
Previous studies on asbestos have shown that in the presence of ascorbic acid the potency to induce a homolytic C-H rupture in the formate ion is enhanced. Surface iron sites are activated following reduction by ascorbic acid and become the active center for the release of carbon-centered radicals (Martra et al., 2003; Tomatis et al., 2010) . To explore the occurrence of such redox sites in JSC-1Avf, ascorbic acid (3 mM) was added to the buffered suspension of JSC-1A-vf containing the formate anion and the spin trapping (DMPO). Figure 7 reports the EPR signals recorded in the absence (spectrum a) or in the presence (spectrum b) of AA. A much more intense signal recorded for JSC-1A-vf + AA is reported. This result strongly suggests the presence of a reducible redox center at the mineral surface.
Effect of ascorbic acid on linoleic acid peroxidation
To give further evidence of the role of redox-centers in the reactivity of JSC-1A-vf, the dust was suspended (15 mg/ml) in a buffered linoleic acid in the presence of AA (3 mM). The results are reported in Figure 8 . After incubation, the amount of MDA produced by the oxidative reaction promoted by JSC-1A-vf was determined on the supernatant (JSC-1A-vf + AA) and compared to the data obtained in the same conditions, but in the absence of ascorbic acid (JSC-1A-vf). Autoxidation was monitored on linoleic acid suspensions (no dust) with ascorbic acid (blank + AA) and without ascorbic acid (blank). The data indicate that the amount of MDA produced when the JSC-1A-vf is in the presence of AA is two-fold higher than in its absence. This result is consistent with that observed with the formate ion, suggesting that iron centers are also involved in lipid peroxidation.
Discussion
The comparison of the reactivity of JSC-1A-vf towards TA performed in aerobic and anaerobic conditions clarifies the role of molecular oxygen and ROS in the reaction mechanism. When TA hydroxylation is performed in a homogeneous phase under aerobic conditions, the reaction yield is usually higher than under anaerobic conditions (Charbouillot et al., 2011) , which highlights the role of molecular oxygen in the reaction mechanism. In this study, however, our twin experiments (under O 2 or N 2 atmosphere, Figure 1) show the same hydroxylation yield, which supports a molecular mechanism of the reaction of JSC-1A-vf towards TA that does not involve dissolved oxygen, likely indicating that hydroxylation of TA by JSC-1A-vf is not ROS-mediated. In fact, the generation of ROS in the absence of molecular O 2 requires a radical mechanism based on the homolytic cleavage of the O-H bond in molecular water. Such reaction requires, in turn, the use of high-energy sources, usually electromagnetic or acoustic radiation (Baldacchino, 2008 and Cravotto and Cintas, 2006) , and is not compatible with our heterogeneous solid/liquid system. The experimental evidence of the absence of ROS (including •OH, •O 2 -/ HOO•) was provided by the spin trapping/EPR measure (Figure 2) (Melton and Bielski, 1990) . Such complexes may form either adsorbed on the particle surface or free in solution. Our hypothesis is supported by the ability of some low-molecular inorganic complexes to hydroxylate aromatic compounds (Manevich et al., 1997) . A similar mechanism, involving an iron-complex in an activated ferryl-state, was proposed in some pioneering works on the formation of radical species from the active surface sites of asbestos (Zalma et al., 1987; Pezerat, 1991) . The role played by such iron species when JSC-1A-vf enters in contact with cells and tissues was investigated employing some simple models of biologically relevant molecules (i.e., Figure S2 , in Supporting Information). This directly confirms that the reactivity of JSC-1A-vf is due to the occurrence of ions embedded on the mineral surface. The experiments with linoleic acid (TBA assay) carried out in the reducing environment (+AA) showed the enhancement of the reactivity of the JSC-1A-vf, thus confirming the reaction mechanism evidenced by EPR-spin trapping.
In the lunar environment, where strongly reducing conditions due to the proton implantation from solar wind (Housley et al., 1974) exist, the reactivity of the dust may be increased as a consequence of this behavior, and hazardous particulate may be formed. To monitor the hazard and mitigate the exposure risk to potentially toxic lunar dust, in situ experiments, including TA and TBA assay, could be conjugated taking advantage of a shared analytical setup. A more informative and reliable simultaneous multi-technique assessment of the oxidative potential of lunar dust could thus be delivered.
Conclusions
Monitoring the oxidative potential of lunar dust by in situ experiments must be part of a comprehensive lunar exploration program. The terephthalate (TA) assay, once compared with results obtained with the EPR spin trapping technique, appears to be an easy-to-perform method to assess the overall oxidative potential of lunar dust for experiments at the Moon surface. Opposite to what has been previously reported, the mechanism of hydroxylation of the TA by JSC-1A-vf does not require the •OH radical as an intermediate. Redox centers of transition metal ions, likely iron, on the surface of the dust may be responsible for such reactivity, as indicated by the following findings: i) the molecular O 2 is not required for the hydroxylation of TA in the presence of JSC-1Avf, ii) the Fenton-like reactivity occurs when H 2 O 2 is added to JSC-1A-vf suspension, and iii) the reduction of redox centers with ascorbic acid enhances the hydroxylation of TA, the cleavage of C-H bond, and the peroxidation of linoleic acid. These results lead us to conclude that an in situ study may gain advantage from an integrated approach of various tests employing different molecular target models and can provide a reliable approach to the evaluation of surface reactivity-related health hazards of lunar dust. To consolidate our EPR/spin trapping findings, which seems to exclude the involvement of ROS radicals in JC1-A reactivity towards TA, we performed the experiment suspending JSC-1A-vf (15 mg/ml) in buffered solutions at different pH values, obtained by mixing K 2 HPO 4 and KH 2 PO 4 in different proportions. Figure S1 reports the results obtained when fluorescence intensity is measured at different values in the pH range 4.5-9 pH values. The amount of TA-OH reached the highest value at pH 6-7, while the reaction yield becomes almost negligible outside this narrow range. This pH-dependent behavior consolidates the proposed mechanism for TA hydroxylation, which is not related in the present case to free ROS in solution. 
EPR spectra of the negative controls (blanks)
To clearly point out any radical reactions possibly occurring during the spin-trapping experiments, negative controls (i.e., the target molecules + DMPO, without the dust) were run simultaneously with every test. The spectra are reported in Figure S2 and 
